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Background: Word retrieval during verbal fluency tasks invokes both automatic and con-
trolled cognitive processes. A distinction has been made between the generation of words
clusters and switches between such clusters on verbal fluency tasks. Clusters, defined by
the reporting of contiguous words that constitute semantic or phonemic subcategories,
are thought to reflect relatively automatic processing. In contrast, switching from one sub-
category to another is thought to require a more controlled, effortful form of cognitive
processing. Objective: In this single-blind, sham-controlled experiment, we investigated
whether anodal and cathodal transcranial direct current stimulation (tDCS) can differentially
modify controlled or automatic processes that support lexical retrieval, as assessed by clus-
tering and switching on verbal fluency tasks, in 24 healthy right-handed adults. Methods:
Participants were randomly assigned to receive 1 mA of either anodal (excitatory) or catho-
dal (inhibitory) active tDCS over the left dorsolateral prefrontal cortex in addition to sham
stimulation over the same region in counterbalanced order. Participants engaged in various
cognitive activities during the first 23 min of stimulation. Then, during the final segment
of each 30-min session, they completed letter- and category-cued word fluency tasks.
Results: Participants reported more words on category-cued word fluency tasks during
anodal than sham stimulation (25.9 vs. 23.0 words; p=0.055). They also showed a net
increase in the number of clustered words during anodal stimulation compared to a net
decrease during cathodal stimulation (1.3 vs. −1.5 words; p=0.038). Conclusion: tDCS
can selectively alter automatic aspects of speeded lexical retrieval in a polarity-dependent
fashion during a category-guided fluency task.
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INTRODUCTION
Overt behaviors are often generated by a variable admixture of
automatic and controlled processes. Verbal fluency tasks have been
widely used to assess these processes governing lexical retrieval in
healthy adults and various patient populations for both research
and clinical purposes. During verbal fluency tasks, it has been
hypothesized that internal or external cues activate chains of auto-
matic associations, resulting in the successive generation of related
words (i.e., “clustering,” as in the contiguous generation of the
words shirt, socks, skirt, and shoes on a letter-cued fluency task
using the letter “s”). When these automatic associations dissi-
pate, then effortful cognitive control processes are used to find
new cues, thereby initiating another automatic chain (i.e.,“switch-
ing,” as is seen when one goes from providing exemplars of farm
animals to providing exemplars of zoo animals on an category-
cued fluency task with the category “animals”). The operations of
these two distinct processes, automatic and controlled, are thought
to be reflected in the nature of the items produced, and in the
time of production: automatic processes give rise to clusters of
related items with relatively short inter-item intervals, while con-
trolled processes lead to switches among subcategories after longer
intervals.
For verbal fluency tasks, there is evidence that automatic
processes are associated with the dominant (left) posterior
temporal-parietal regions, while controlled processes are associ-
ated with the dominant (left) prefrontal region (Hirshorn and
Thompson-Schill, 2006). Different verbal fluency tasks likely
invoke varying combinations of automatic or controlled processes,
and hence different weightings of anatomic dependence. Letter flu-
ency tasks have been associated with greater activation of the left
frontal lobe (as assessed by functional magnetic resonance imag-
ing, fMRI), whereas category fluency tasks activate left temporal
regions to a greater extent (Birn et al., 2010).
Clustering and switching processes are modulated by a number
of participant characteristics. Evidence suggests that older healthy
adults switch less frequently on category-cued fluency tasks and
produce larger clusters on letter-cued fluency tasks than younger
adults (Troyer et al., 1997). Alzheimer disease and focal lesions of
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the left temporal lobe are associated with the production of smaller
clusters than are typically produced by healthy age-matched con-
trols (Troyer et al., 1998). Conversely, patients with Parkinson’s
disease and multiple sclerosis appear to switch less frequently than
both healthy controls and some patient populations, although
their clustering remains intact (Troster et al., 1998).
Transcranial direct current stimulation (tDCS) involves pass-
ing weak direct electrical current through the intact scalp to alter
the functioning of underlying cerebral tissues. A rapidly growing
body of evidences demonstrates that tDCS can induce changes
in physical and cognitive functioning (Stagg and Nitsche, 2011).
Stimulation with tDCS is thought to produce a relatively local-
ized, polarity-dependent alteration of the electrical potential of the
cortical tissue beneath the scalp electrode. The effects of these alter-
ations can be excitatory with the application of anodal stimulation,
or inhibitory with the application of cathodal stimulation. As tDCS
is typically applied, 1–2 mA of direct current is administered via
25–35 cm2 saline-soaked sponges for up to 40 min. Under these
conditions, the technique has been found to be safe and unobtru-
sive (Iyer et al., 2005). Depending on the duration of stimulation
and the experimental situation, some effects of tDCS can per-
sist for minutes, hours, days, or even more than a week (Reis et al.,
2009). The ability of tDCS to activate or inhibit brain function over
short and long time intervals and the fact that active stimulation
can be counterbalanced with sham stimulation make tDCS an
attractive tool for investigating and perhaps enhancing cognitive
processes.
Initial investigations of tDCS as a means of modifying cogni-
tive functioning have shown some promise in improving implicit
learning of a motor sequence, probabilistic learning, memory con-
solidation, and working memory, among other skills (Miniussi
et al., 2008). A few studies have found that anodal stimulation
can improve selected aspects of language functioning in healthy
adults. For example, tDCS has been shown to improve language
learning (Floel et al., 2008) and facilitate implicit learning of an
artificial grammar in healthy adults (de Vries et al., 2010). Fur-
ther, anodal tDCS applied to the left frontal lobe has been found
to shorten picture naming latencies among healthy adults in sev-
eral studies (e.g., Sparing et al., 2008). A fMRI study found that
decreased naming latencies following tDCS were associated with
decreased blood oxygen level-dependent signal in the left inferior
frontal cortex (Holland et al., 2011). Some tDCS-related improve-
ments in picture naming accuracy have also been documented in
persons with post-stroke aphasia (e.g., Baker et al., 2010). On ver-
bal fluency tasks, Iyer et al. (2005) found that anodal tDCS applied
to the left prefrontal cortex produced modest, though significant,
increases in the total number of words produced on a letter fluency
task in healthy adults. Cattaneo et al. (2011) also found a facilita-
tive effect of anodal tDCS relative to sham on overall productivity
during letter- and category-cuedword fluency tasks during anodal
stimulation of Broca’s area in healthy adults.
Here we sought to extend prior findings and further investi-
gate the ability of tDCS to modify the automatic and controlled
aspects of speeded verbal production among healthy adults. Based
on prior neuroimaging and stimulation studies, we hypothesized
that anodal and cathodal tDCS applied over the left prefrontal
cortex would enhance and impede, respectively, verbal fluency
production. We also hypothesized that stimulating the left pre-
frontal cortex would produce greater polarity-dependent effects
on letter-cued than category-cued fluency, as well as greater effects
on controlled (i.e., switching) than automatic (i.e., clustering)
word retrieval processes.
MATERIALS AND METHODS
PARTICIPANTS
Forty adults were recruited from the Johns Hopkins University
via word-of-mouth and from the Baltimore metropolitan area
using Craigslist. All participants were healthy, right handed (as
assessed by the Edinburgh Inventory), native English speakers.
All participants also completed at least 12 years of schooling
(M = 14.6 years, SD= 2.3) and were of at least average estimated
intelligence (M = 104.2, SD= 8.0) based on the Hopkins Adult
Reading Test (HART; Schretlen et al., 2009). This study was
approved by the Johns Hopkins Medicine Institutional Review
Board, and all participants provided written informed consent.
During the random assignment of participants to the
anodal/sham or cathodal/sham condition, younger and more
highly educated adults were markedly over-represented in the
anodal group. Consequently, we conducted a secondary series
of exploratory analyses after better equating the two experimen-
tal conditions with respect to age and educational attainment.
Specifically, we excluded subjects as necessary, starting with the
youngest participants from the anodal/sham group and the least
educated participants from the cathodal/sham group, in order to
form two equal-sized groups that were matched for age, edu-
cation, and estimated intelligence (all ps> 0.05). Through this
process we retained a final sample of 24 adults, aged 24–55 years
(M = 35.7; SD= 10.1). Characteristics of the final sample of study
participants are shown in Table 1.
PROCEDURES
In this single-blind experiment, subjects were assigned to receive
one 30-min session of either anodal (facilitative) or cathodal
(inhibitory) active tDCS together with 30 min of sham stimulation
using a random number sequence. Active and sham stimulation
were administered in counterbalanced order and separated by a
90-min washout period.
Stimulation was applied via a constant current stimulator
(Iomed Phoresor II Model PM850) using two saline-soaked
sponge electrodes (5.2 cm× 5.2 cm). The active electrode was
placed over the left prefrontal region (F3 according to the 10-20
International EEG positioning system), and the reference electrode
was placed over the vertex (Cz). In the active stimulation condi-
tions, current was ramped up to 1.0 mA over 30 s and remained at
1 mA for the remainder of the 30-min session. Consistent with
prior research, current in the sham stimulation condition was
ramped up to 1.0 mA and then covertly ramped back down to
0 mA over 60 s, thereby habituating participants to the sensations
(e.g., warmth, tingling) of tDCS (Nitsche et al., 2008).
Because maximal gains usually are achieved when tDCS is cou-
pled with behavioral training (Reis et al., 2009), participants spent
the first 24 min of each stimulation session engaging in expressive
language tasks such as object naming and oral reading. The activ-
ities and stimuli were identical in the active and sham conditions.
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Table 1 | Characteristics of study participants by experimental condition.
Characteristic Experimental condition1 Statistic p-Value
Anodal (N =12) Cathodal (N =12)
Sex, male/female 6/6 5/7 X2(1)=0.17 0.68
Age2 (years) 37.9±11.3 33.5±8.7 t (22)=1.08 0.29
Education2 (years) 14.8±2.0 15.3±2.9 t (22)=−0.41 0.69
Estimated IQ2 104.7±7.5 103.5±10.3 t (22)=0.33 0.74
1Anodal= active anodal plus sham stimulation. Cathodal= active cathodal plus sham stimulation.
2Values expressed as mean± standard deviation.
During the last 6 min of each 30-min session, participants com-
pleted four 60-s verbal fluency tasks: for letter-cued trials, they
were asked to report as many words as possible beginning with
the letters “s” and “p.” For the category-cued trials they were asked
to report as many animals and supermarket items as possible.
Both were drawn from the Calibrated Ideational Fluency Assess-
ment (CIFA; Schretlen and Vannorsdall, 2010). Responses were
recorded using a studio-quality microphone and Audacity (ver-
sion 1.2.6) software. Verbal fluency productions were transcribed
and scored offline.
Verbal fluency protocols were scored following the Hopkins
qualitative verbal fluency system (Ledoux et al., 2009), which is
a modification of the criteria developed by Troyer et al. (1997).
The system uses specified criteria to determine the total number
of acceptable words generated, numbers of switches and clusters,
mean cluster size, and percent words in clusters for both letter-cued
and category-cued verbal fluency tasks. All scoring was conducted
by trained research assistants who were blind to the participant
stimulation condition.
ANALYSES
In the full sample (n= 40), multivariate ANCOVAs adjusting for
participant age and education were used to test for differences in
fluency output by condition (anodal vs. cathodal) and to compare
active (anodal or cathodal) vs. sham stimulation. We also assessed
difference scores in verbal fluency productions during anodal and
sham stimulation (i.e., anodal minus sham) relative to the differ-
ence scores during cathodal and sham stimulation (i.e., cathodal
minus sham).
After equating the groups for age and education, our sample
size (n= 24) was not suitable for a multivariate ANCOVA. We
therefore examined the distribution of each dependent variable
and conducted between-groups comparisons of verbal fluency
output by the anodal and cathodal stimulation groups using inde-
pendent samples t -tests (for normally distributed variables) and
the Wilcoxon signed-ranks test (for variables with non-normal
distributions). Within-groups analyses were used to compare flu-
ency during active (anodal or cathodal) vs. sham stimulation
using paired t -tests. Independent samples t -tests or Wilcoxon
signed-ranks tests were also used to assess difference scores in
verbal fluency productions during anodal and sham stimulation
(i.e., anodal minus sham) relative to the difference scores during
cathodal and sham stimulation (i.e., cathodal minus sham).
RESULTS
For the sample as a whole, multivariate ANCOVAs revealed no
significant within- or between-groups effects of tDCS on any
of the verbal fluency variables with respect to either letter- or
category-cued fluency tasks (ps≥ 0.25).
In the subsample of participants in which groups were well
matched with respect to potential confounders, there were no sig-
nificant effects of tDCS on overall letter-cued fluency productivity
(ps> 0.05). Similarly, for letter-cued fluency there were no sig-
nificant between-groups (anodal vs. cathodal) or within-groups
(active vs. sham) effects of stimulation on any of the qualitative
fluency measures (ps> 0.05).
With respect to possible effects of anodal and cathodal
stimulation on category-cued verbal fluency, the overall produc-
tivity of the two groups did not differ significantly and there were
no differences in qualitative aspects of verbal fluency between the
groups (p> 0.05).
When we examined the distributions of dependent variables,
two (percent words in clusters during active anodal stimulation
and percent words in clusters during sham anodal stimulation)
violated the assumption of normality, whereas the others did
not. Analyses revealed a trend toward greater category-cued ver-
bal fluency productivity during active anodal relative to sham
stimulation [active M = 25.9, SD= 6.2; sham M = 23.0, SD= 5.6;
t (11)= 2.14,p= 0.055]. Active anodal stimulation was also associ-
ated with the production of more words in clusters relative to sham
stimulation [active M = 22.1, SD= 7.5; sham M = 18.3, SD= 8.1;
t (11)= 2.41, p= 0.035]. During active anodal tDCS, participants
also showed a trend toward reporting a greater percentage of words
in clusters relative to sham tDCS (active Median= 87.3, Interquar-
tile range= 15.1; sham Median= 78.4, Interquartile range= 14.9;
Z =−1.88; p= 0.06). No differences between active and sham
tDCS were found for the number of switches or mean cluster size
(ps> 0.05).
We next compared differences in the number of word clus-
ters participants produced during active than sham stimulation as
a function of current polarity. Compared to sham stimulation,
participants showed a net increase in word clusters during
active anodal stimulation (M = 1.3, SD= 2.5), whereas they
showed a net decrease in word clusters during active cathodal
stimulation (M =−1.5, SD= 3.6). This difference was significant,
t (22)=−2.21; p= 0.038 and is depicted in Figure 1. Similarly,
compared to sham stimulation, active anodal tDCS led to a 6.6%
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FIGURE 1 | Effects of active stimulation conditions compared to sham
stimulation with respect to the numbers of words in clusters during a
category-cued fluency task.
FIGURE 2 | Effects of active stimulation conditions compared to sham
stimulation with respect to the percent words in clusters during a
category-cued fluency task.
increase in the percent of words in clusters, whereas active catho-
dal stimulation produced a 2.2% reduction in the percent words
in clusters. This difference [t (22)=−2.12, p= 0.046] is shown in
Figure 2. There were no significant effects of tDCS on switching
or mean cluster size (ps> 0.05).
DISCUSSION
We hypothesized that active anodal and cathodal tDCS would,
respectively, enhance and diminish overall productivity on tests
of verbal fluency. Based on our placement of the active elec-
trode over the left dorsolateral prefrontal cortex, we expected to
find more prominent tDCS effects on letter- than category-cued
tasks and on measures of controlled (i.e., switching) than auto-
matic (i.e., clustering) word retrieval processes. In a subsample of
participants matched for basic demographic characteristics, our
results provide partial support for our hypotheses in that anodal
tDCS selectively enhanced aspects of verbal fluency while cathodal
stimulation inhibited the same processes. However, our predic-
tions regarding the type of fluency task and the qualitative aspects
of fluency performance that would be most affected by tDCS were
not supported.
In fact, we found that active anodal tDCS affected category-
cued fluency productivity but had no discernible effects on
letter-cued verbal fluency. Nor did tDCS alter controlled cog-
nitive aspects of word retrieval (i.e., switching), despite our
application of stimulation over the left dorsolateral prefrontal
cortex, an area often associated with executive functioning and
set-shifting. Rather, we found a nearly three-word increase
in productivity on category-cued verbal fluency tasks in the
anodal stimulation condition relative to the sham condition.
Analyses of the qualitative aspects of verbal fluency produc-
tions suggest that this enhanced productivity was likely due
to the increased clustering seen with anodal stimulation rela-
tive to both the sham and cathodal stimulation, and not due
to changes in switching. Although more modest in its effect,
cathodal stimulation also reduced clustering relative to sham
stimulation.
The fact that we found effects of tDCS exclusively for cate-
gory fluency, and not letter fluency, differs from the two other
studies of tDCS and verbal fluency in healthy adults. Iyer et al.
(2005) found facilitative effects of 2 mA of anodal tDCS on overall
productivity on a test of letter-cued fluency compared to sham
and cathodal conditions. However, they did not find effects of
tDCS in their initial experiment which used a lower current
intensity (1 mA) and participants in their study did not com-
plete category-cued fluency tasks. Cattaneo et al. (2011) also used
2 mA of anodal stimulation and found improved productivity for
both letter and category-cued fluency relative to sham stimulation.
Although group means are not presented, a figural representation
of the data suggests a larger magnitude of effect for category-
cued relative to letter-cued fluency. Thus, our lack of findings for
letter-cued fluency may be due to our decision to use 1 mA rather
than 2 mA of current. We chose to use 1 mA because pilot testing
revealed that subjects could reliably detect active stimulation at
2 mA whereas they could not at 1 mA. Thus, in our effort to blind
our study participants to the stimulation condition, we may have
also reduced the effectiveness of the experimental intervention.
In addition, we administered sham and active tDCS separated by
a 90-min washout during each session. We based this decision
on evidence that the cortical excitability effects of short dura-
tion tDCS typically return to baseline by 60–90 min after the
cessation of stimulation (Nitsche and Paulus, 2001). However, if
active tDCS stimulation combined with directed cognitive activity
produces longer-last effects, this could have limited our ability
to detect the behavioral effects of active tDCS. Future studies
should explore whether increasing administration of a greater
current density would produce effects for letter-cued fluency,
as well as whether administering stimulation to more posterior
regions would produce effects on both types of word fluency
tasks.
Another weakness of this study is the heterogeneity of the
initial study sample and unbalanced randomization into study
groups. Participants were recruited through two methods, fly-
ers placed on the Johns Hopkins University and medical cam-
puses and through Internet ads (i.e., Craigslist). As a result, we
recruited a rather homogenous group of young, well-educated
participants along with a larger group of individuals having more
diverse demographic characteristics. When examining the effects
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of tDCS on verbal fluency, we found no effects of tDCS within
the full sample of participants. One hypothesis for this lack
of findings is that the healthy, young, highly educated individ-
uals who were over-represented in the anodal condition were
already performing at ceiling and masked the effects of tDCS
within the remaining participants. In fact, when the sample
was trimmed to form two groups matched for relevant char-
acteristics only then were the effects of tDCS apparent. Future
studies should further explore the role of patient characteris-
tics in relation to participant responsiveness to experimental
interventions.
A related limitation to the current study is that, due to the
small size of the final sample, we were unable to use multivariate
ANOVA. Nor did we adjust for multiple comparisons. The lat-
ter decision was based on the fact that this was an exploratory
study that aimed to determine whether tDCS could selectively
alter controlled and automatic aspects of verbal fluency pro-
ductions in healthy adults. We believe that the present find-
ings, while relatively weak, suggest that tDCS can alter these
word retrieval processes, as well as overall productivity on such
tasks.
A final weakness is that this study employed a single-blind
rather than double-blind experimental design. The tDCS device
we used is not programmable in a way that permits one to blind
both the experimenter and participant to the experimental con-
dition. We did have one experimenter administer the cognitive
testing while another operated the tDCS device, but this did not
blind the machine operator to the experimental condition, and the
other experimenter usually could discern whether a recipient was
receiving active or sham stimulation. A procedural “workaround”
for this limitation is possible but cumbersome in practice, and was
not used in the present study. Fully programmable tDCS devices
that overcome this limitation are recommended for use in future
studies.
To our knowledge, this is the first study to investigate the
utility of tDCS as a means of altering automatic and controlled
aspects of speeded lexical during both letter and category word
fluency tasks in neurologically healthy adults. We found that
anodal tDCS was associated with an increase in overall pro-
ductivity during a category-guided verbal fluency task, and that
anodal stimulation led to a relative increase in clustering whereas
cathodal stimulation had the opposite effect. These findings,
although preliminary, suggest that tDCS may be an effective tool
in ameliorating language dysfunction in disorders characterized
by deficient activation or functioning of the semantic network.
Our ongoing work is exploring this issue in such individuals
including those with aphasia, autism spectrum disorders, and
schizophrenia.
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